Introduction 1
Characterization of near-surface soil water stability is essential to predict soil susceptibility 2 to crusting and erosion. This acquires special relevance in agricultural soils where a stable soil 3 structure is required for good water infiltration and aeration, optimal seedling emergence and 4 root growth, and, finally, sustainable productivity (Carter, 2004; Bronick and Lal, 2005) . Soil 5 aggregate stability is being used as an indicator of soil quality since soil structural stability 6 depends on the presence of stable aggregates (Amézketa, 1999; Nimmo and Perkins, 2002) . 7 However, the determination and interpretation of this parameter is often difficult due to the 8 numerous factors affecting it as well as to the interactions among them. As it is detailed in the 9 review of Amézketa (1999), these factors can be classified into soil internal and external factors. of NT to increase wet stability of soil aggregates in semiarid Aragon. This study was carried out 1 in small research plots and for single soil types and, however, farming practices applied by 2 farmers in their fields can be very diverse and differ from those in experimental plots. For these 3 reasons, direct measurements under on-farm conditions across different soils, microclimate and 4 agronomic practices are necessary to get a broad knowledge of the potential of conservation 5 tillage in the region (López et al., 2012) . In order to remedy this lack of information, the 6 objectives of this study were to (1) asses the effect of long-term NT on WAS compared with 7 traditional tillage practices and undisturbed soils under native vegetation in different cereal 8 production areas of Aragon, (2) identify the main destabilization processes of soil aggregates in 9 water, and (3) establish relationships between WAS and aggregate-associated organic carbon 10 (OC) to understand the role of soil OC on soil structural stability. 11
12

Material and methods 13
Description of the study sites 14
The study was conducted at six long-term NT fields (9-21 years) representative of the 15 different scenarios of NT in the region and located in areas receiving a mean annual precipitation 16 ranging from 350 to 740 mm (Table 1 and Fig. 1 ). These fields were selected from a previous 17 study where 22 soils under NT were characterized across different rainfed cereal areas of Aragon 18 to assess the potential of this practice to increase soil surface OC (López et al., 2012). With the 19 exception of the Peñaflor site, the study was carried out under on-farm conditions (fields of 20 collaborating farmers) where pairs of adjacent fields under NT and conventional tillage (CT) 21 were compared. In Peñaflor, the study was carried out in research plots from a long-term tillage 22 experiment at the dryland research farm of the Estación Experimental de Aula Dei (Consejo 23 about the Peñaflor site can be found in López et al. (1996) . In all sites, an undisturbed soil under 1 native vegetation (NAT) and close to the NT and CT fields was included in the study for 2 comparison purposes. 3
Information on location and soil management characteristics for each site are shown in 4 Table 1 and detailed in a previous study (Blanco-Moure et al., 2012). It should be noted, briefly, 5 the case of Artieda, the study site located in the area with the highest rainfall and hence highest 6 production. As a common practice in this area, farmer removes the straw from the NT and CT 7 fields to prevent later problems with seeding. The information in Table 1 reflects the diversity of 8 cropping systems and the reality of the conservation agriculture in the region (López et al., 9 2012). Therefore, following the remark made by Blanco-Canqui and Lal (2008a), the present 10 study shows data on the effect of NT-and CT-based cropping systems on WAS rather than those 11 of tillage alone. 12
The studied soils were medium-textured soils, varying from sandy loam to silty clay loam, 13 alkaline (pH>8; CaCO 3 contents of 50-560 g kg -1
) and generally with low OC contents (<20 g kg -14 1 for agricultural soils). Basic properties of the study soils for the first 5 cm depth are shown in 15 Table 2 since it was the depth at which we have focused for the characterization of the water 16 aggregate stability. In each site, both NT and CT fields were contiguous and the NAT soil close 17 to them, thus ensuring that soil type and topography were as similar as possible. The differences 18 observed are attributed to the soil management itself. 19 20
Soil sampling and analyses 21
In the farmer fields, soil surface sampling (0-5 cm in depth) was made in three different 22 zones within each field (NT, CT and NAT) where three soil samples were collected and mixed to 23 make a composite sample. In the Peñaflor site, each of the composite samples came from each of 24 the 3 tillage plots per treatment (NT, RT and CT). Once in the laboratory, soil samples were airdried at room temperature (≈20 ºC) and dry aggregates of 1-2 mm in diameter were obtained by 1 dry sieving to determine WAS and OC content. 
where y is the percentage of broken aggregates in a given time, t the sieving time, a estimates the 20 losses of aggregates during fast wetting, b is the maximum estimated abrasion loss of aggregates 21 and c is a time controlling factor equal to 1/3 of the time interval at which approximately 95% of 22 the total loss (a+b) is reached. All determinations were done in duplicate, obtaining a minimum 23 of 18 destabilization curves per site (24 in Peñaflor) (3 or 4 treatments x 3 replicates x 2 tests).
In the second step, another sample of 10 g of 1-2 mm aggregates was gently immersed in 1 ethanol (96%) for 10 min before being sieving in water for other 10 min. Then, the amount of 2 aggregates that had resisted the sieving were collected and dried, and its weight corrected for 3 sand. The percentage of disintegrated aggregates by slaking was then calculated as the difference 4 between the aggregate loss after 10 min of sieving with and without the ethanol pretreatment. 5
The OC content of 1-2 mm soil aggregates was determined directly by dry combustion with 6 a LECO analyser (RC-612 model), without requiring correction for carbonates. For the general 7 characterization of soils (Table 2), particle size distribution was obtained by laser diffraction 8 analysis (Coulter LS230), OC and CaCO 3 contents by dry combustion with the LECO analyser, 9
and electrical conductivity (EC) and pH by standard methods (Page et al., 1982) . 10 11
Statistical analyses 12
At the four sites where the study was conducted in large farm fields, the NT, CT and NAT 13 treatments were not field replicated. However, in each of the sites, the three fields were 14 contiguous and sited on similar landscape position and same soil. Therefore, the three sampling 15 locations within each field were used as pseudoreplicates and statistical comparisons among 16 treatments were made using one-way ANOVA assuming a randomized experiment soil management and tillage for each of the study sites. In all sites, significant differences 7 between cultivated and NAT soils were evident during all the sieving time. With the exception of 8 the Lanaja site, NAT soils were highly resistant to water action since the loss of aggregates after 9 60 min of sieving never exceeded 50% ( Fig. 2 and Table 3 ). The high percentage of loss in the 10 NAT soil of Lanaja (nearly 80%) can be explained because this soil is located in an abandoned 11 agricultural terrace (>40 years) that is frequently grazed by livestock (see Table 1 ). In contrast, 12 the cultivated soils showed low structural stability with losses of soil aggregates of 30-90% 13 already after the first min of wet sieving. A general trend of decreasing soil resistance from the 14 most humid sites (≈700 mm yr indicating the negative effect of cultivation on soil structural stability in these environments.
With respect to tillage system, soil aggregates from the NT fields were, in general, more 1 resistant to water action than those from CT and RT though not always in a significant way (Fig.  2 2). This indicated a site specific response to soil management. Likewise, an exception was found 3 in the Artieda site where aggregate losses were slightly lower under CT, especially during the 4 first minutes of wet sieving (12% lower in 5 min; Table 3 ). As previously indicated, in the areas 5 with higher rainfall and hence higher production, as it is the case of Artieda, farmers remove the 6 straw from the field to prevent later problems with seeding. In some cases, soil cover by residues 7 retained in the field was low (<30%) and, strictly speaking, this would not be a conservation 8 tillage system. However, it was considered in the present study because it is a common practice 9 in some areas of Aragon. This decrease in WAS with crop residue removal can be, probably, due 10 to a concomitant reduction in stover-derived organic binding agents required for the formation of 11 stable aggregates (Blanco-Canqui and Lal, 2008b). At the rest of the sites, aggregates from NT 12 soils were between 1.1 and 2.5 times more stable compared to those from CT and RT (calculated 13 from the 5 min values; Table 3 (Fig. 2 ). This was due to both an increase in WAS in CT and a reduction in 24 NT under CF as compared with CC. In the case of the CT treatment, the soil is less frequentlydisturbed by tillage under CF (tillage every two years vs. all years in CC) which leads to a 1 reduction in the aggregate breakdown and, therefore, in the formation of weak aggregates. In 2 contrast, in the NT treatment a better soil condition was observed under CC probably due to the 3 annual input of crop residues to the soil surface in CC and only every two years in CF. As shown 4 below, in NT the higher OC of both bulk soil and 1-2 mm aggregates under CC than under CF 5 seems to reinforce this idea (Table 2 and (Table 3 and Fig.  14 2). Data on Table 3 show that abrasion by agitation in water was the main process of aggregate 15 disruption in the NAT soils (b=9-37% aggregate losses). In contrast, in the cultivated soils, with 16 the exception of Undués de Lerda (hereafter, Undués), initial fast wetting was the primary 17 disruptive mechanism (a=48-91% losses). In Undués, 44% of aggregates from the CT and NT 18 soils were broken by mechanical abrasion (b) and around of 30-40% during initial wetting (a). 19
As discussed below, the greater resistance of the cultivated soils at this site can be related to the 20 comparatively high OC contents in both bulk soil and 1-2 mm aggregates ( Table 2 and Fig. 3) . 21
Among the mechanisms responsible for the destabilization of soil aggregates during the 22 initial wetting, slaking was the dominant or sole process, representing between 70 and 100% of 23 the initial breakdown (Table 3 ). The unique exception was found at the Lanaja site in CT with a 24 30% of slaking. Slaking is caused by the compression of air entrapped inside dry aggregatesduring rapid wetting and it is associated with the disruption process occurring during heavy 1 rainfall on dry soils (Le Bissonnais, 1996a; Amézketa, 1999). Intense rain after long dry periods 2 is common in the study area (Beguería et al., 2009) and, therefore, it is expected that 3 considerable particle detachment occurs on weak structured soils when rain starts to fall. 4
Slaking was also affected by soil management and tillage (Table 3 ). The soils most resistant 5
were the NAT soils with low percentages of slaking (<12%). This percentage reached nearly 6 40% at Lanaja due to the semi-natural conditions of this field. Regarding the cultivated soils, 7 slaking was significantly reduced with NT as compared to CT and RT (10-20% less) in 4 of the 6 8 study sites. The same exceptions observed for aggregate breakdowns after 5 and 60 min repeated 9
here. Thus, in the case of Artieda, the opposite behaviour can be explained again by the negative 10 impact of crop residue removal from the NT field. At Lanaja, the also greater slaking in NT that 11 in CT was offset by the lower aggregate loss by swelling and clay dispersion (Table 3) . With the 12 exception of this site, soil disintegration by swelling and clay dispersion was low or null and, 13 when it occurred, only affected the CT soils. Probably, in these highly disturbed soils, dispersion 14 of cementing material can be facilitated by slaking (Le Bissonnais, 1996a; Zaher and Caron, 15
2008). 16 17
Water aggregate stability and organic carbon 18
With the goal to advance, as far as possible, in the understanding of the effect of soil 19 organic matter on soil structural stability, relationships between aggregate-associated OC and 20 different aggregate breakdown processes were established. Organic carbon contents of 1-2 mm 21 soil aggregates for the different soil management and tillage systems at each of the study sites is 22 shown in Figure 2 . With the exception of Lanaja, aggregates from the NAT soils had the highest 23 OC contents (1.2-2.6 times higher than cultivated soils). Regarding the cultivated soils, NT 24 enhanced aggregate-associated OC with concentrations between 30 and 60% higher than thosefrom CT and RT. The exception was again Artieda where OC content was nearly the same under 1 NT and CT (Fig. 3) . during initial fast wetting (a) and after 60 min of wet sieving (T 60 ) (Fig. 4) . These results are 5 consistent with numerous studies showing the role of soil organic matter in the formation and 6 stabilization of soil aggregates (Chenu et al., 2000; Bronick and Lal, 2005). In our study, the 7 similar response of the three above processes of aggregate disruption to the change in OC (Fig. 4)  8 seems to further support the finding that slaking is the dominant process of soil disaggregation by 9 water in the study area. This observation implies that the beneficial effect of soil organic matter 10 in stabilizing aggregates against slaking is crucial to control soil crusting and erosion in the especially at Artieda and Undués, where, besides high soil biological activity, entangled meshes 19 of soil aggregates, fine roots and organic debris were easily observed in the field. Although to a 20 lesser extent, this same effect of soil OC is also applicable to the NT soils. In these soils, the lack 21 of tillage can also result in the formation and maintenance of a network of interconnected pores 22 within soil aggregates that serves as direct conduits to the surface for air flow. In this way, 23 slaking in the NT soils is reduced with respect to the tilled soils when aggregates are fast wetted ). Le Bissonnais (1996b) noted that the increase in soil erodibility 24 with the amount of silt is due to the low capacity of aggregation of these particles and the facilityto be transported for its small size. Other authors pointed that, in silty soils with low OC content, 1 organic anions could not be large enough to attach the edge of mineral particles and bind them 2 together (Emmerson, 1977; Shanmuganathan and Oades, 1983; Amézketa, 1999). According to 3 these relations, the elevated silt content (reaching 600 g kg -1
) together with the low OC (11-18 g 4 kg -1 ) of the soils at Lanaja could explain the high soil instability at this site. Furthermore, the 5 regression between swelling plus clay dispersion and silt content was slightly improved when 6
CaCO 3 was included ( Table 4 reason, the availability of a wider range of soil types could help to accurately identify the soil 13 properties and conditions affecting soil dispersion in the study area. 14 Stepwise multiple regression analyses were carried out to obtain predictive equations for 15 the different processes of soil destabilization. The most predictive equations are shown in Table 4  16 and explained between 80 and 90% of the total variation in soil loss by slaking, by fast wetting 17 and in total loss after 60 min of wet sieving as a function of aggregate OC and silt content. and clay dispersion. These relationships were considered satisfactory considering the 22 heterogeneity of soil, climate and management conditions covered in the study. 23
Conclusions 1
Soil management and tillage exert a great influence on water aggregate stability in rainfed 2 cereal areas of Aragon. Cultivated soils had very low structural stability with losses of soil 3 aggregates of 30-90% already during initial fast wetting. Long-term NT increased surface 4 aggregate stability with respect to CT systems through lower soil disturbance and higher OC 5 content at the soil surface (0-5 cm depth). Slaking was the dominant disaggregation process of 6 the cultivated soils, representing 40-80% of total soil disruption. In the NAT soils, the most 7 stable soils of the study, the main cause of aggregate breakdown was abrasion by agitation in 8 water. Swelling and clay dispersion were less frequent processes and their occurrence seemed to 9 be associated with high silt and CaCO 3 contents. In contrast, slaking was strongly and negatively 10 affected by aggregate-associated OC. Thus, this soil property together with the silt content (weak 11 and positive effect) explained more than 80% of the slaking variation. Overall, results from this 12 on-farm study indicate that NT can be recommended as a viable alternative to CT to reduce the 13 susceptibility of soil surface to crusting and erosion in cereal production areas of Aragon. 14 Table 2 . Selected properties of the studied soils in the 0-5 cm depth (CT, conventional tillage; RT, reduced tillage; NT, no tillage; NAT, natural soil). In Peñaflor, CC refers to the continuous cropping system and CF to the cereal-fallow rotation. Table 3 . Disaggregation kinetic parameters and loss of soil aggregates (1-2 mm in diameter) due to different mechanisms of soil destabilization by water as affected by soil management and tillage (CT, conventional tillage; RT, reduced tillage; NT, no-tillage; NAT, natural soil). In Peñaflor, CC refers to the continuous cropping system and CF to the cereal-fallow rotation. OC (g kg -1 ) Aggregate breakdown (%)
